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From amphidromic points of tides to singular optics,
wave phenomena commonly involve topology. In particu-
lar, the phase singularities of classical wave fields can lead
to wavefront dislocations in the interference patterns. In
quantum mechanics, the U(1) gauge invariance also en-
ables manifestations of the wave function phase singulari-
ties in the context of topological phases of matter. If their
topological properties are defined from the wave functions
delocalised in the bulk, their main experimental manifes-
tation is the existence of gapless excitations localised at the
boundaries. Here we show wavefront dislocation as direct
evidence of the phase singularity of the delocalised wave
functions and observe it through standing-wave interfer-
ence in a 1D microwave photonic insulator. By bridging
the bulk topology of insulators to a ubiquitous wave phe-
nomenon, we open a promising route to investigate the
topological phases near topological defects in real-space
interference.
Topological insulating phases are described by integer-
valued numbers (topological indices) that characterize the
phase singularities of the bulk wave functions. A discrete
change of the topological index requires the spectral gap
to close. Such a topological transition is also associated
with a phase singularity of the eigenmodes. By including
the parameter that controls the spectral gap, a topological
transition of a D dimensional system is then described by
a singular point in a D + 1 dimensional parameter space.
The 1D case is particularly interesting as it allows us to
describe topological transitions with vortices appearing in 2D
parameter space. Vortices in real space are known to induce
wavefront dislocations onto an incident propagating wave [1].
Similarly, the vortex of the topological transition involves
a quite analog phenomenon in parameter space : When a
defect or an edge is included to the system, a defect-induced
interference pattern of bulk wave functions emerges and
abruptly changes at the singular band crossing point, then
giving rise to a wavefront dislocation in the D+1 parameter
space. This dislocation is accessible experimentally through
the local density of states (LDOS). Moreover, the quantized
charge of the vortex, which corresponds to the variation of the
number of interference fringes at the transition, consistently
coincides with the variation of the number of protected
boundary modes. We report such a manifestation of the
topological transition in 1D photonic insulator operating in
the microwave range. We measure the LDOS and observe
a wavefront dislocation in the 2D parameter space where
the additional parameter is the aspect ratio of the hopping
energies that drives the topological transition. An additional
measurement of the boundary modes in the spectral gap
furthermore allows us to demonstrate experimentally the
bulk-boundary correspondence.
System
In 1D, the band topology of insulators may become nontrivial
in the presence of chiral symmetry. For lattices with transla-
tional invariance, this concerns a class of Bloch Hamiltonians
that are bipartite
H(k) =
(
0 h(k)
h†(k) 0
)
, (1)
where k is the dimensionless 1D quasi-momentum. An
illuminating illustration of Hamiltonian (1) is found in the
celebrated Su-Schrieffer-Heeger (SSH) model [2]. First
introduced to describe conducting electrons in polyacetylene,
it is involved in the physics of various chiral systems [3–8].
Here, we focus on an experimental realisation in a microwave
photonic insulator. The system consists of a dimerised lattice
of dielectric resonators in a microwave cavity (Figs. 1a,b).
The resonators couple each other through the evanescent field
of the fundamental transverse electric (TE) modes and realise
a tight-binding model [9]. We denote t1 and t2 the staggered
coupling strengths between the sublattices A and B, so that
h(k) = t1 + t2e−ik for the choice of unit cell in Fig. 1b. The
SSH model is known to display a transition between two
topologically distinct insulators when varying the coupling
ratio t1/t2. Their band topology relies on the quantisation of
the geometrical Zak phase of the Bloch wave function in the
1D Brillouin zone (BZ) [10]. This quantisation is charac-
terised by the winding number w =
∮
BZ ∇kArg[h(k)]dk/2pi,
which leads to w> = 0 and w< = −1 in the two insulating
regimes t1 ≷ t2.
Topology from localised boundary modes
Before presenting new evidence of the topological transition,
let us recall that in experiments, the band topology is mainly
evidenced through the appearance/disappearance of midgap
modes localised at the lattice boundaries, by virtue of the
celebrated bulk-boundary correspondence. Here, the bulk-
boundary correspondence predicts the existence ofNA = −w≷
bound states with sublattice polarization A at the leftmost
edge of the crystal in Fig. 1b (See Supplementary Informa-
tion). The situation at the rightmost edge is symmetric by
space inversion. Figures 1c,d report the observation of these
midgap boundary modes. It shows the measured density of
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FIG. 1. 1D microwave photonic insulator a, Lattice of dielectric res-
onators inside the microwave cavity made of two metallic plates. The
top plate, which is partially shown, is movable in the plane (white
arrows), so that an antenna going through and connected to a vecto-
rial network analyser (VNA) enables the generation and resolution
of the microwave signal both spectrally and spatially (LDOS). b, Il-
lustration of the SSH lattice (top) and picture of its realisation with
dielectric resonators (bottom). c, DOS of a 44-resonator SSH lattice
for t1/t2 = 1.2 (ω> = 0) showing two bands separated by a frequency
gap. d, DOS of a 44-resonator SSH lattice for t1/t2 = 0.8 (ω< = −1),
revealing two midgap modes A and B. The resolution of their LDOS
(red dashed square in the inset) confirms that they are localised at the
two ends of the lattice and fully sublattice polarised – the A sites are
located at each tick labeling the dimer index m, whereas the B sites
are in between two consecutive ticks.
states (DOS) of the TE waves in a lattice of 44 microwave
resonators. For t1/t2 = 1.2, where the bulk winding number
is w> = 0, the sublattice structure produces two frequency
bands of 22 modes each. In constrast, when t1/t2 = 0.8, the
1D winding number switches to w< = −1 and we observe two
modes pinned in the gap. We then confirm that they are sub-
lattice polarised and spatially localised at the two ends of the
crystal by resolving their LDOS (inset of Fig. 1d).
The observation of midgap modes localised at boundaries
is commonly considered as the hallmark of topological
transitions, as reported in mechanical, acoustic, photonic,
microwave, cold-atomic, and electronic systems [11–18].
Nevertheless, the band topology is defined from the delo-
calised waves beyond the excitation gap. Now we present
direct evidence of the topological transition through LDOS
measurements of the delocalised waves.
LDOS interference of delocalised waves
The delocalised waves correspond to resonance frequencies
in the two bands f±. Figures 2a-d represent the sublattice-
resolved LDOS ρA,B of the delocalised waves of the lower
band f− probed in the two topological regimes. Only the left-
most half of the crystal is shown, for the second half is inver-
sion symmetric (see Supplementary Information). The LDOS
maps consist of standing-wave interference patterns due to the
lattice boundaries. We focus in particular on the number NA(B)
of constructive-interference fringes in the LDOS of sublat-
tice A(B). For the sublattice A in Figs. 2a,b, we observe that
NA changes identically on each site m through the topological
transition. For instance, there are six constructive-interference
fringes on site m = 6 when t1/t2 = 1.2, whereas there are
five of them when reducing the coupling ratio to t1/t2 = 0.8.
More generally, it shows that NA = m for t1/t2 = 1.2 and
NA = m − 1 for t1/t2 = 0.8. In contrast, we do not ob-
serve such a change on sublattice B, where there are always
NB = m constructive-interference fringes per site, regardless
of the topological phase (Figs. 2c,d).
To explain this striking feature in the LDOS maps near the
edge, we focus on a semi-infinite SSH chain and describe the
edge as an infinite potential barrier. Backscattering of the de-
localised waves on the edge then leads to the LDOS [19]
ρA(m, k) ∝ 1 + cos(2km + δA(k) + pi) (2)
ρB(m, k) ∝ 1 + cos(2km + pi) , (3)
which reproduces very well the experimental LDOS maps in
Fig. 2 (see Supplementary Information). The wavelength of
the oscillations on both sublattices relates to the backscatter-
ing wave-vector 2k. It varies with the frequency at which we
probe the cavity through the dispersion relation f−(k). The
wavelength of the oscillations is then a spectral measurement
and does not imply the topology of the frequency band. For
instance, the oscillations in ρB only depend on the backscatter-
ing wave-vector and give rise to similar interference patterns
in the two topological regimes, as observed experimentally in
Figs. 2c,d. In contrast, the oscillations in ρA imply the addi-
tional phase shift δA(k) = 2Arg[h(k)].
The phase shift δA further leads to dramatic modifications in
the LDOS interference patterns. Let us focus, for instance, on
the LDOS maxima in Eq. (2). They correspond to the specific
wavefronts 2nApi = 2km + δA + pi, where nA is an integer.
When summing over the lower frequency band, we find that
the number of constructive-interference fringes verifies
NA =
∫ fmax
fmin
∂nA
∂ f−
d f− =
∫ pi
0
dk
2pi
(
2m +
∂δA
∂k
)
= m + w . (4)
This sum rule shows that the scattering phase shift δA relates
an observable quantity (NA) of the delocalised waves to their
topological winding w. In particular, the number of interfer-
ence fringes depends on the site index m, but the topological
invariant shifts the interference fringes identically on all sites.
Remarkably, although the winding number w depends on the
choice of unit cell [20, 21], this arbitrary choice is however
reabsorbed in the labelling of the dimers m, such that their
sum yields the observable quantity NA. The sum rule then ex-
plains the uniform change of NA observed in the LDOS maps
in Figs 2a,b for the winding numbers w> = 0 and w< = −1.
Therefore, the LDOS maps reveal direct evidence of the band
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FIG. 2. Experimental LDOS maps: a, LDOS of the lower band
between frequencies fmin and fmax resolved on the first 10 sites of
sublattices A for t1/t2 = 1.2. b, Same as a for t1/t2 = 0.8. c-d Same
as a-b for sublattice B.
topology of the delocalised waves in the 1D microwave insu-
lator.
The phase shifts of wave functions also play a central role in
scattering physics, because they relate to the number of (vir-
tual) bound states at a potential barrier. Fundamental theo-
rems, such as Levinson theorem or Friedel sum rule, show
that, for given wave functions, the number of (virtual) bound
states change with the depth of the barrier [22–24]. Similarly
here, the bulk-boundary correspondence can be rephrased as
a relation between the scattering phase shift δA and the num-
ber NA of bound states localised at the potential barrier of the
edge. Since δA(pi) − δA(0) = 2piw ( Eq. 4)), we readily find
δA(0) − δA(pi) = 2piNA . (5)
The important difference, however, is that the number of
bound states here changes with the topological transition,
whereas the strength of the potential barrier remains the
same. This change results from an intrinsic property of the
delocalised waves and the potential barrier at the edge only
acts as a natural interferometer that reveals their topology
through the scattering phase shift. If the phase shift vari-
ation has been measured through NA in the LDOS maps
of sublattice A (Figs. 2a,b), we have also resolved the NA
midgap bound states localised at the edge (inset of Fig. 1d).
Thus, both sides of Eq. (5) are observable independently, and
our measurements also bring evidence of the bulk-boundary
correspondence. This demonstrates an efficient method to test
this pillar of gapped topological phases through the LDOS in
the experiments.
Wavefront dislocations in the LDOS
Now we show that the change of NA observed in the LDOS
maps arises as a ubiquitous wave phenomenon and is the sig-
nature of a wavefront dislocation in the LDOS. Topological
defects in waves rely on generic assumptions that do not in-
volve the wave equation, and so they are ubiquitously involved
in branches of physics as various as electromagnetism, optics,
acoustics, fluid physics, astrophysics, and condensed matter
physics [1, 25–33]. The wavefront dislocations are associ-
ated with the topological phase singularities of wavefields in
a space at least 2D.
Here, the microwave photonic insulator is 1D and its topo-
logical transition relies on a spectral band crossing in the 1D
BZ (Fig. 3a). Nevertheless, the topological transition is driven
by the coupling ratio t1/t2. Thus, it is fully characterised in a
2D space associated with the parameter s = (k, t1/t2). In this
parameter space, the spectral bands are f±(s) = ±|h(s)| and the
eigenstates can be chosen as |u±(s)〉 ∝ |A〉 ± eiθ(s)|B〉, where
θ(s) = Arg[h(s)]. The zeroes of h(s) are points where i) the
spectral band gap closes and ii) the eigenstate phase θ(s) be-
comes ill-defined. This phase singularity in 2D is nothing but
a vortex that constrains the surrounding phase texture to wind.
The vortex winding is then quantified by a topological index
Ws, such that
∮
C ∇sθ · ds = 2piWs along a closed circuit C en-
closing the phase singularity. In the SSH model, s0 = (pi, 1) is
the only point where h(s) vanishes (Fig. 3b). This leads to the
singularity charge Ws = 1 for the counter-clockwise circuit C
in Fig. 3c.
The phase singularity in the 2D parameter space is the
source of a wavefront dislocation of strength 2Ws in the
LDOS. We can evidence the dislocation by following the evo-
lution of the LDOS interference patterns through the topolog-
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FIG. 3. Band degeneracy and phase singularity: a, Spectral bands
f±(k) = ±|h(k)| in the 1D BZ for various values of the parameter t1/t2.
The band crossing for t1/t2 = 1 marks the topological transition be-
tween the two insulating regimes. b, Energy band f+(s) = |h(s)| rep-
resented in the 2D parameter space. The spectral degeneracy occurs
at point s0 = (pi, 1). The colored vertical dashed lines correspond to
the 1D spectral bands in panel a. c, Eigenstate phase θ(s) = Arg[h(s)]
in the 2D parameter space. It is singular at the spectral degeneracy
point s0.
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FIG. 4. Wavefront dislocation in the LDOS: a, Theoretical LDOS ρA in the 2D parameter space on site m = 2. b, Theoretical LDOS ρA
in the 2D parameter space where the wavevector k is replaced by the lower band frequency f−(k). c, Experimental LDOS ρA resolved on site
m = 2 for the lower frequency band.
ical transition. Figure 4a shows the predicted LDOS evolution
on a given site of sublattice A (m = 2). It exhibits an edge dis-
location with two constructive-interference fringes emerging
from the core in s0. Wavefront dislocations are known to occur
as the phase singularity of a complex scalar field whose real
(or imaginary) part represents a physical quantity [1]. Here,
the complex scalar field is the standing-wave Green function
that describes the delocalised waves backscattering on the po-
tential barrier at the edge of the microwave insulator
GA(m, s) ∝ eiϕA(s) , (6)
where ϕA(s) = 2km+δA(s)+pi, and the physical quantity is the
LDOS ρA = −ImGA/pi, as introduced in Eq (2). The scatter-
ing phase shift δA(s) = 2Arg[h(s)] maps the phase singularity
of the eigenstates into the phase of the standing-wave Green
function. Thus, the latter effectively describes a plane wave
(ei2km) passing through a vortex (eiδA(s)) in the 2D parameter
space. This effective vortex perturbs the surrounding phase of
the wave in such a way that, for the counter-clockwise Burg-
ers circuit C in Fig. 4a, the phase accumulated by the Green
function satisfies
Wd ≡ 12pi
∮
C
∇sϕA(s) · ds = 2Ws (7)
The phase variation is 2pi-quantised becauseGA must be single
valued to describe the LDOS along the circuit C. Thus, the
number of additional interference fringes required to fulfill the
phase variation along the Burgers circuit C is Wd. In analogy
with Burgers’ vectors whose length provides the dislocation
strength for atomic planes in solids, Wd is the strength of the
wavefront dislocation. Since Ws = 1 in the SSH model, there
are Wd = 2 additional interference fringes emerging from the
dislocation core, as shown in Fig. 4a. It is worth stressing that
although the expression of the phase ϕA depends on the choice
of the unit cell, its variation over C does not and is observable.
To confirm this prediction, we measure the LDOS on the
site m = 2 of sublattice A for 20 values of the coupling
ratio t1/t2 between 0.2 and 2.0. Since the LDOS is resolved
as a function of the frequency f−(k) instead of the wave
vector k in our experiments, we do not expect Wd but Wd/2
interference fringes emerging from the dislocation core
(Fig. 4b). Figure 4c experimentally confirms that the number
NA of constructive-interference fringes abruptly changes from
one to two at the dislocation core. This is also in agreement
with the LDOS change on site m = 2 shown in Figs. 2a,b.
This observation reveals the wavefront dislocation at the
topological transition that causes the uniform change in the
number of fringes NA in the LDOS interference pattern.
Conclusion
We have probed the band topology of a 1D photonic insulator
through the standing-wave interference pattern in the LDOS
resulting from backscattering on a boundary. We have shown
that the uniform change in the number of interference fringes
at the topological transition is a measurement of the disloca-
tion strength and then of the eigenstate phase singularity. This
2D phase singularity constrains the 1D winding numbers of
the two nonequivalent SSH insulators as Ws = w> − w< (see
Fig. 3). Although there is a gauge choice in the definition of
the 1D winding numbers, their difference is gauge invariant
and the uniform change in the number of interference fringes
characterises unambiguously the change of band topology at
the transition. Thus, the wavefront dislocation in the LDOS is
an observable phenomenon that reveals the topological transi-
tion in 1D insulators.
The band topology of 1D insulators is also known to af-
fect the electron response to external force fields through phe-
nomena such as the electric polarisation and Bloch oscilla-
tions [34–36]. Nevertheless, these phenomena are observable
in very specific systems. Bloch oscillations, for instance, are
hardly observable with electrons in solids, where impurities
are usually detrimental to phase coherence, and so they lead
to band topology measurements in cold atoms [5]. In contrast,
the LDOS is an observable routinely resolved in various kinds
of systems [11–18]. Thus, we expect that topological defects
in real-space LDOS interference can reveal the band topology
in experiments involving propagating waves of very different
natures.
In addition to the band topology through wavefront disloca-
tions, the LDOS also lead to the resolution of midgap modes
5localised at boundaries. This enabled us to test of the bulk-
boundary correspondence through a single observable and,
thus, a single experiment. This efficient approach could then
shade light into breakdowns of the bulk-boundary correspon-
dence, as recently reported in systems where the number of
bound states may no longer be provided by the bulk topologi-
cal invariant [8, 37].
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